Many of the poultry flocks produced in the United Kingdom are colonized with Campylobacter, and the intensive nature of poultry processing usually results in contaminated carcasses. In this study, a previously reported molecular oligonucleotide probe method was used to track a specific flock-colonizing strain(s) on broiler carcasses during processing in two United Kingdom commercial poultry processing plants. Five Campylobacter-positive flocks were sampled at four points along the processing line, postbleed, postpluck, prechill, and postchill, and two Campylobacter-negative flocks processed immediately after positive flocks were sampled prechill. flaA was sequenced from Campylobacter strains isolated from these flocks, and strain-specific probes were synthesized. Skin and cecal samples were plated onto selective agar to give individual colonies, which were transferred onto membranes. These were then hybridized with the strain-and genus-specific probes. For all the 5 positive flocks, there was a significant reduction in campylobacters postbleed compared to postpluck but no subsequent fall on sampling pre-and postchill, and the strain(s) predominating on the carcasses throughout processing came from the flock being processed. This indicates that strains from the abattoir environment were not a significant cause of carcass contamination in flocks with well-established campylobacter colonization. However, negative flocks that were preceded by positive flocks were contaminated by strains that did not generally originate from the predominating strains recovered from the ceca of the previous positive flocks. This suggests that the abattoir environment has a significant role in the contamination of carcasses from negative but not fully colonized flocks.
Campylobacter is a common commensal colonizer of the intestinal tract of poultry, especially broilers, worldwide. The intensive nature of poultry transportation and processing usually results in carcasses contaminated with these organisms. In the United Kingdom, around 70.2% of poultry meat at retail is contaminated with Campylobacter (20) . Risk assessment studies indicate that such contamination contributes significantly to food-borne campylobacteriosis in humans (9) and that reduction in the levels of poultry carcass contamination should reduce the incidence of this disease (30) .
The contributions of the various stages of poultry processing to carcass contamination are unclear. A fully colonized flock of 20,000 birds may enter the abattoir environment carrying about 10 13 CFU of Campylobacter of a single or multiple strains in their intestinal contents. These contents may spill during processing, contaminating the abattoir environment. The processes of scalding, defeathering, evisceration, and carcass chillers have all been documented to cross-contaminate poultry carcasses (1, 4, 6, 18, 31) . The high speed and nature of the poultry slaughter process, combined with extensive use of water, render it difficult to prevent cross-contamination between birds within a flock and between flocks. Consequently, carcasses from subsequently processed Campylobacter-negative flocks can also become contaminated (14, 32) ; however, the contribution of this cross-contamination to the public health risk is unknown.
In Europe the opportunities for postharvest interventions for retail meat are limited by European regulations [Regulation (EC) no. 853/2004] . Available interventions to address cross-contamination at the abattoir include the reduction of fecal leakage by improved mechanical handling, but this may be difficult to implement in some established plants. In addition, logistic slaughter has been proposed, which involves the separated processing of colonized and noncolonized flocks (11) . By processing the noncolonized flocks first, cross-contamination should be eliminated, enabling the production of Campylobacter-free carcasses for fresh meat at retail, while the remaining carcasses could be further processed by heat treatment or freeze storage (13) to reduce public health risk. Clearly, such a strategy is complex and resource intensive, and its success would be limited by the contribution of cross-contamination to final Campylobacter levels on carcasses.
The capacity of Campylobacter strains to survive and persist through processing plants, to contaminate the end product, is largely unknown. Circumstantial evidence indicates that this capacity may be strain dependent (23) . To investigate such properties under field conditions, methods for tracking individual Campylobacter strains are required. Molecular approaches, such as pulsed-field gel electrophoresis (PFGE), multilocus sequencing typing (MLST), and fla typing have been applied extensively to various epidemiological studies of Campylobacter (34) . However, highly discriminatory techniques like PFGE (12, 29) have limitations because they are resource intensive, which restricts the numbers of isolates that can be investigated. Re-cently an oligonucleotide probe hybridization method has been developed (10) that is both highly sensitive and reproducible for strain differentiation and enables tracking of specific Campylobacter strains rapidly and cost effectively. The technique uses two oligonucleotide probes, a probe specific for the short variable region (SVR) of the flaA locus and a second probe specific for the 16S RNA. These two probes, when used in conjunction, can identify all isolates that are Campylobacter species and those isolates that are derived from strains colonizing the target flock. Because these probes can be used to hybridize to colony lifts, hundreds of colonies can be monitored and a quantitative indicator of the number of flockspecific campylobacters detected compared to all campylobacters present can be provided.
The aim of this study was to use this probe approach in processing plants to track and enumerate the total number and the number of strain-specific campylobacters present on carcasses from Campylobacter-positive target flocks. Furthermore, the cross-contamination by specific strains from two Campylobacter-positive flocks of the carcasses of subsequent Campylobacter-negative flocks was assessed.
MATERIALS AND METHODS
Bacteria and culture conditions. Campylobacter strains were grown on blood agar (BA; CM0271; Oxoid Ltd., Basingstoke, United Kingdom) with 5% (wt/vol) defibrinated horse blood (SR0050; Oxoid Ltd.) or modified charcoal cefoperazone deoxycholate agar (mCCDA; CM0739, SR0155; Oxoid Ltd.). Plates were incubated at either 37 or 41.5°C for 24 or 48 h, as indicated, in a microaerobic atmosphere generated by using the CampyGen gas generating kit (Oxoid Ltd.).
Sampling from farms. The Campylobacter status of 5 flocks was determined from fresh feces or fecal swabs. The samples were taken from conventional flocks at 24 days of age or at thinning (35 days of age). All conventionally reared flocks were slaughtered at 40 days of age. Six pools of six fecal droppings were taken from each flock investigated, placed in sterile plastic bags, transported to the laboratory in an insulated box with ice packs, and processed the same day.
For free-range flocks, samples were taken at 46 days before slaughter at 56 days. Flocks were sampled by inserting swabs (Amies charcoal transport swabs; Technical Service Consultants, Lancashire, United Kingdom) into freshly excreted feces. The swabs were posted to the laboratory the same day and were processed on the day of receipt.
Sampling from abattoirs. (i) Campylobacter-positive flocks. Five Campylobacter-positive flocks were sampled at specific stages in two commercial United Kingdom abattoirs during processing. A total of 130 samples were collected at the following sampling points: carcasses after bleeding, carcasses after plucking, carcasses prechilling, carcasses after air chilling, and ceca after evisceration. Carcass sampling involved taking a total of 25 g of neck and breast skin per bird, using sterile scissors, and placing them into individual stomacher bags. Five carcasses were sampled at each stage of the process. Five pairs of ceca were collected from the processing line. All samples were transported to the laboratory in an insulated box containing ice packs and processed on the day of slaughter.
(ii) Campylobacter-negative flocks preceded by positive flocks. In this part of the study samples were taken to confirm the processing of a Campylobacterpositive flock followed by a Campylobacter-negative-flock. Two such sets of flocks were sampled at one commercial United Kingdom slaughter plant. Ceca (n ϭ 16) were taken from each flock after evisceration. Neck skins (n ϭ 5) were taken prechill, from the first 0 to 50 birds, after about 500 birds, and after about 5,000 birds from the start of processing the particular flock.
Identification of Campylobacter-positive flocks. Ten grams of pooled feces was placed in 90 ml Exeter broth (Bolton Broth CM0983, 1% defibrinated horse blood HB034, and Campylobacter selective supplement SR0084E; Oxoid Ltd., Basingstoke, United Kingdom; and Campylobacter growth supplement SV59; Mast Diagnostics, Bootle, United Kingdom), mixed, and after appropriate dilution in maximum recovery diluent (MRD; Oxoid Ltd.), directly spread plated onto mCCDA. The plates were incubated for 48 h at 41.5°C under microaerobic conditions. Presumptive Campylobacter spp. were subcultured on BA as described above and confirmed in accordance with ISO10272. Two isolates from each pooled fecal sample were stored at Ϫ80°C in Mueller-Hinton broth containing glycerol (15%, vol/vol). Swab samples were processed by spreading them on mCCDA and streaking them with a loop. Presumptive Campylobacter spp. were selected, identified, and stored as described above. These methods were used to identify Campylobacter-positive flocks before slaughter and to identify the strain(s) colonizing each flock.
Identification of strain-specific probes. For each Campylobacter-positive flock, 5 or 6 strains colonizing each flock were selected for flaA PCR using the primers FLA4F and FLA625R (10) . The PCR products were sequenced. The resulting sequences were aligned using CLC Free Workbench (CLC bio, Denmark), and strain-specific SVR probes were designed and labeled as described previously (10) . A fla allele identification was ascribed by BLAST analysis in comparison with flaA sequences in the Oxford database (http://pubmlst.org/campylobacter/).
Confirmation of consecutive Campylobacter-positive and -negative flocks. Sixteen ceca were removed from each of the flocks after evisceration. Campylobacter status was confirmed postsampling by weighing 2 g of cecal contents with 18 ml Exeter broth and vortexing vigorously. Serial dilutions in MRD were plated on mCCDA in duplicate and incubated microaerobically at 41.5°C for 48 h. flaA was amplified and sequenced for 20 isolates from each Campylobacter-positive flock in order to design strain-specific SVR probes.
Processing abattoir samples. The neck and breast skin samples were weighed. Sterile MRD was added to bring the weight to 250 g in the stomacher bag. The neck skin samples taken prechill after passage of the specified number of birds were also weighed. As lower numbers of Campylobacter were expected, only 50 ml of MRD was added to each sample. All samples were homogenized in a pulsifier for 1 min (PUL100E; Microgen Bioproducts Ltd., Camberley, United Kingdom). Serial dilutions were plated onto mCCDA in duplicate and incubated microaerobically at 41.5°C for 48 h. Cecal samples were treated as described above.
Direct counting, colony lifts, and probe hybridization. All presumptive Campylobacter colonies were counted. One plate for each sample was then precooled at 4°C, and colony lifts were taken as described previously (10) . After transferring the colonies onto Hybond membranes, the plates were reincubated at 41.5°C microaerobically for 24 h in order to take a second lift, if required. Membranes were stored at Ϫ20°C until required. Each membrane was firstly probed with the strain-specific SVR probe(s) followed by the genus-specific 16S rRNA probe (10) . Up to 8 membranes were hybridized in a single hybridization tube by rolling the membranes in nylon mesh (Jencons, East Grinstead, United Kingdom). The membranes were prehybridized with 15 ml DIG Easy Hyb (Roche Diagnostics Ltd., Burgess Hill, United Kingdom) for at least 15 min and up to an hour and then hybridized overnight in 11 ml fresh DIG Easy Hyb with 100 pmol of digoxigenin (DIG)-labeled probe. Prehybridization and hybridization were carried out at the melting temperature (T m ) of the probe (see Table 2 ). The number of colonies that gave positive reactivity with either probe was then counted.
Statistical analyses. All counts were expressed as the number of CFU per gram neck and breast skin or per gram cecal content. Statistical analyses were carried out to identify if abattoir operations or bird position on the line significantly changed the Campylobacter numbers on the carcasses and to compare the numbers of strain-specific campylobacters to total Campylobacter numbers. These data were analyzed using a univariate analysis of variance (ANOVA) in SPSS for Windows.
RESULTS
The contamination of carcasses by Campylobacter strains from the originating flock. Five flocks (A to E) were identified as Campylobacter positive, before slaughter, based on on-farm fecal samples. The relevant information about these flocks is given in Table 1 . Five or six isolates from each of these flocks were subjected to flaA PCR and sequencing. Both free-range flocks and one of the conventional flocks were excreting more than one Campylobacter strain as determined by flaA PCR. From the sequence alignments, flock strain-specific SVR probes were designed as previously described (Table 2 ) (10) .
Campylobacters were present on the carcasses of all 5 positive flocks throughout the slaughter process as shown by direct counts on mCCDA (Fig. 1 ). There was a 0.3-to 1.3-log reduction in direct Campylobacter counts from postbleed to postpluck and a Ͻ1-log-reduction postpluck to postchill. At Using a univariate analysis of variance in SPSS on these direct colony counts showed that overall there was a significant reduction in the numbers of Campylobacter CFU postbleed (P ϭ 0.000036) compared to postpluck but no significant fall from sampling pre-to postchill.
Campylobacter counts in the ceca from the birds in these flocks ranged from 10 8 to 10 9 CFU/g cecal contents. There was no significant difference between the numbers of campylobacters in the ceca as identified by the strain-specific (D10, T2a, and D10) and genus-specific probes for flocks A, B, and E (log CFU/g of 9.2, 8.7, and 9.7 compared to 9.2, 9.4, and 9.7, respectively). In flock C there was a lower number (log 8.2 CFU/g; P ϭ 0.0054) as determined by the strain-specific probe (SVR14) than by the 16S probe (log 9.7 CFU/g). In flock D three strain-specific probes were identified and enumerated:
T2a at log 7.1 CFU/g cecal content, J2/T12b at 8.1, and D10 at 7.9 compared to 7.9 with the 16S probe, which may imply a small degree of cross-reaction. However, there was no obvious correlation, at any stages of processing, between the numbers of campylobacters in the ceca and those on the carcasses as detected with the genus (16S)-specific probe.
At any stage of processing the total number of campylobacters on the carcasses from each of the Campylobacter-positive flocks, as detected with the 16S probe, was not significantly different from flock-specific campylobacters as detected by the strain-specific probes. Moreover, statistical analysis (univariate ANOVA in SPSS) of the combined data of all flocks using the strain-and genus-specific probes showed that the number of flock strain campylobacters on the carcasses during processing was not significantly different (P Ͼ 0.05) from the total Campylobacter load. However, as expected, the numbers of Campylobacter CFU obtained using both strain-and genus-specific probes also showed a significant reduction postbleed (P ϭ 0.0000035) compared to postpluck, although there was no significant fall from sampling pre-to postchill. There was also a significant association between flock bacterial load and sampling point (P ϭ 0.033). This suggests that Campylobacter numbers on the flock and at the point at which they were sampled combine to influence the overall numbers on the carcass. This confirms that the point of sampling along the processing line can affect the numbers of campylobacters at least until the prechilling point. The numbers of campylobacters detected by direct counts and the genus-specific and strain-specific probe(s) at specific points during the processing are shown for flocks A to E in Fig.  2 . For all flocks at all stages there was no significant difference (P ϭ 0.96) between the numbers detected by direct plate counts and those detected using the genus-specific probe. This correlation enabled independent confirmation of the Campylobacter-specific numbers on carcasses. As expected, the reductions in direct counts (Fig. 1 ) during processing were also seen using the genus-specific probe (Fig. 2) . For example in flocks A, B, and C there was a 1.6-, 1.0-, and 0.9-log decrease in numbers from sampling postbleed to postchill, respectively, and generally, the greatest reduction occurred after plucking. Usually numbers on the carcasses declined progressively during slaughter; however, in flocks B, C, and D, there was a trend for these numbers to increase during chilling, for which there was no obvious explanation.
Single Campylobacter strains colonizing flocks A and B were identified, while flocks C, D, and E were detectably colonized with 3, 2, and 2 strains, respectively (Table 1) . For flocks C and E, only the most common strain was investigated further by probing. Overall, the numbers of flock-specific campylobacters on the carcasses at all stages of processing, detected using the strain-specific probe(s), were lower than, or the same as, those detected using the genus-specific probe, and any difference was not significant.
The relationship between flock-specific and overall Campylobacter numbers is most readily seen with flocks A and B, in which only a single strain was detected. In both cases there was no significant difference between these counts from the postpluck point.
In those flocks (C, D, and E) colonized by at least 2 strains, the observations are more complex. In flock C, Campylobacter strains with fla alleles 16, 34, and 415 were found in 4/6, 1/6, and 1/6, respectively, strains isolated from fecal material on farm, indicating that the first strain was the most common (about 66%). Probe SVR 14 was therefore designed to detect this strain, but the specific-Campylobacter numbers detected in the cecal contents at slaughter were significantly lower than the total number of campylobacters detectable (P ϭ 0.0054), confirming that using a single probe on a multistrain-colonized flock can result in the detection of only a proportion (in this case about 83%) of the organisms. It suggests that the predominant flock strain (as detected by SVR14) remained on the carcass throughout processing, resulting in no significant difference between flock strain numbers and genus-specific numbers postbleed, postpluck, prechill, and postchill (Fig. 2) .
Flock E was also colonized by at least two different Campylobacter strains prior to slaughter (Table 1) , though only strains identified with D10 (the majority [80%]) were investigated. During processing of this flock there was a gradual decline in numbers of Campylobacter on the carcasses, which was more pronounced between pre-and postchill sampling points (0.6 to 0.7 log). However, this decline was not significant. As the numbers in the ceca postevisceration were not significantly different from the total campylobacter count when probed with the strain-and genus-specific probes, respectively, this suggests that the strain being detected persisted on the carcasses through processing.
The advantages of using multiple probes for flocks colonized with several strains were investigated with flock D. This flock was detectably colonized by two Campylobacter strains before slaughter. Preliminary studies indicated that strains specific for probe T2a predominated (3/5 fecal isolates). However, this probe detected only a few colonies in postharvest samples (Fig.  2) , so a second probe (J2/T12b) was designed to detect the alternative strain. Postbleed and -pluck, this probe detected numbers of campylobacters similar to those detected by direct counting or the 16S probe, but the numbers pre-and postchill were observed to be substantially lower even though the P values did not verify this, which was probably a reflection of the variability of the data. In order to investigate this difference, a further 10 isolates, selected from the plated cecal contents after evisceration, were sequenced. Only a minority (3/10) of these isolates would have been detectable with probe J2/T12b. The appropriate fla sequences of the remainder (7/10) were inconsistent with either probe T2a or J2/T12b but were consistent with probe D10. Using this probe, the flock-specific counts preand postchill were the same as those counts obtained by direct counting and the 16S probe. These observations indicated that a third strain, not previously detected by fecal culture prior to slaughter, had colonized the flock. This strain appeared to predominate on the carcasses by the end of processing.
Campylobacter contamination of poultry carcasses from negative flocks which were preceded by positive flocks. As results from the investigation of Campylobacter-positive flocks indicated the persistence of strains through processing in contaminating the end product carcasses, we next investigated the implications of such persistence on any subsequent Campylobacter-negative flocks. Both flocks V and T were Campylobacter negative. These flocks were processed after the Campylobacter-positive flocks G and H, respectively (Table 1) . Twenty isolates were sequenced from each of flocks G and H to identify and generate appropriate strain-specific probes. Some of the sequence data were not adequate for designing probes. Flock G was detectably colonized by at least two Campylobacter strains identifiable with probes Gpos5 and CW2/3 which were present in the cecal contents in the ratio of 7:8, respectively. Flock H was colonized with at least 4 strains, which were detectable with probes Gpos5, CW2/3, SVR15, and RCSVR10, which were present in the cecal contents in the ratio of 6:4:2:5, respectively.
Birds of both flocks V and T were Campylobacter negative at slaughter. The ceca from birds of flock G and flock H were colonized with Campylobacter at average levels of log 10 6.31 Ϯ 1.2 (range log 4.8 to log 8.1) and log 10 7.1 Ϯ 1.3 (range log 4.9 to Ͼlog 8.4) CFU/g, respectively. These levels and the substantial variation indicated that both flocks were in the early stages 1 to 50) , at about 500, and at about 5,000 on the processing lines. As expected, overall, the numbers of Campylobacter CFU on the neck skins of birds from flocks V and T were significantly lower than those from either flock G or H (P ϭ 0.000001). The neck skins of birds from flock V within positions 1 to 50 and at position ϳ500 were contaminated with FIG. 2. Numbers of Campylobacter CFU on carcasses, determined by using the strain-and genus-specific probes compared to direct counts at various stages in the abattoir processing of five flocks (A to E). For flocks A, B, C, and E: f, flock strain Campylobacter; Ⅺ, total Campylobacter using 16S probe; , campylobacters from colony counts on mCCDA. For flock D: _, flock strain Campylobacter with probe T2a; 1, flock strain with probe J2/T12b; f, flock strain with probe D10; Ⅺ, total Campylobacter number using 16S probe; , campylobacters from colony counts on mCCDA. Bars, SE of the mean; n ϭ 5. (Fig. 3) . However, by position ϳ5,000 there were no detectable campylobacters on the neck skins. Similarly for the neck skins of birds from flock T, the corresponding average counts were 37.8 (range of Ͻ0.01 to 40), 18.2 (range of Ͻ0.01 to 59), and 6.7 (range of Ͻ0.01 to 22) CFU/g, respectively (Fig. 3) . These results suggest that with a Campylobacter-negative flock, contamination occurs mainly on the first carcasses to be processed. To determine whether this contamination was from the previously processed Campylobacter-positive flock, the Campylobacter colonies isolated from the neck skins of flocks V and T were hybridized with the genus-specific and the respective strain-specific probes. Unfortunately, because of the low contamination rates (as indicated above), few colonies were available from either flock for investigation.
From flock V, 11 colonies were identified as Campylobacter species. Only 3 of these (27%) were identified using the probes Gpos5 and CW2/3, indicating that these were from the previous flock processed (flock G). The majority (n ϭ 7) of the remaining unidentified strains were recovered from birds positioned at 1 to 50 on the processing line. From flock T, 22 colonies were identified as Campylobacter species and at least two different Campylobacter strains, positive with probes Gpos5 and SVR15, were detected by the strain-specific probes generated from flock H strains. However, no colonies of strain CW2/3 or R/CSVR10 were detected. Only 8 of the 22 (36%) flock T colonies were identified as from flock H. As indicated above, the majority (n ϭ 12) of the unidentified colonies were recovered from the neck skins of the birds positioned at 1 to 50 on the processing line.
DISCUSSION
In this study, a quantitative colony hybridization method, using genus-and strain-specific oligonucleotide probes (10), was used to investigate both the self-contamination by Campylobacter of carcasses from colonized flocks at various stages during processing and the cross-contamination from Campylobacter-positive to -negative flocks at the end of processing.
Few studies are available on the persistence and survival of individual Campylobacter strains on chicken carcasses during slaughter. Such studies have used molecular techniques, like PFGE (19, 23, 24) , amplified fragment length polymorphism (AFLP) (8), or randomly amplified polymorphic DNA (RAPD) PCR (21), which require the isolation and characterization of individual strains. Because such methods are resource consuming, the number of isolates that can be investigated is limited. The colony hybridization method (10) can investigate the genomic identity of large numbers of colonies directly plated from each carcass sample and avoids the potential for preferential strain selection that could occur following enrichment. Although Campylobacter cannot grow outside the host, it can survive for considerable periods in the slaughterhouse environment. Therefore, there are many Campylobacter strains present from previous flocks. Thus, being able to identify specific strains among a highly diverse bacterial population enables the molecular tracking of flock-specific strains through the poultry slaughterhouse environment.
Using a genus-specific probe, the total numbers of Campylobacter CFU in each sample were the same as, or slightly less than, those obtained by direct counting. This confirmed that the direct counting of presumptive Campylobacter colonies closely reflects the real Campylobacter contamination of carcasses. This study also tracked and enumerated specific Campylobacter strains from individual conventionally reared and free-range broiler Campylobacter-positive flocks during processing.
In 4 out of 5 of the positive flocks (A, B, C, and E), the strain-specific probes designed from the fecal isolates detected the majority of colonies in the ceca, as expected. However, in flock C there was a significant difference between the numbers of cecal Campylobacter CFU obtained using the strain-specific and genus-specific probes. Because fecal samples were collected on farms 5 to 15 days prior to slaughter, this difference may have been caused by a shift in the Campylobacter population, most likely as a result of the introduction of new strains to the flock over time or by the expansion of a previously minor Campylobacter component of the population. Although these difficulties could be avoided by designing specific probes from cecal isolates at slaughter, this approach would require the colony lifts to be stored for longer periods before hybridization.
It is well recognized that specific slaughter operations affect the contamination of broiler carcasses (3) from Campylobacterpositive flocks. Our observations using cultural and genusspecific probe methods confirm that a significant reduction in campylobacter numbers occurred from postbleed to postpluck sampling points but that numbers stabilized at chilling, to give about 10 4 CFU/g skin, consistent with other studies (5, 7, 25, 33) .
For all of the 5 Campylobacter-positive flocks tested, the strain(s) predominating on the carcasses collected throughout the abattoir appeared to be indigenous to that flock, and this is consistent with previous reports using a variety of approaches (15, 23, 24, 28) . In those flocks (flocks A and B) in which one strain only was detected and tracked, this was an expected observation, especially as no, or only one, other flock had FIG. 3 . The numbers of Campylobacter on neck skins determined by direct counts on mCCDA from birds at positions 1 to 50, ϳ500, and ϳ5,000 on the processing line of four flocks, where G (f) was Campylobacter positive and was succeeded by V (_), which was negative, and where H (Ⅺ) was positive and was succeeded by T ( ), which was negative. Bars ϭ SE of the mean; n ϭ 5. (16, 23) . Such strain losses/changes may reflect either the inability of indigenous strains to survive or the removal of tenuously attached strains from previous flocks during the early stages of processing. Campylobacters vary widely in their ability to resist the environmental stresses that occur during slaughter; thus, dominant stable strains are more able to survive processing (2, 19) . The results from our study suggest that such changes are a relatively infrequent event and that in most cases the strains predominating on the final carcass are derived from those colonizing the ceca of that flock. However, clearly more information is required about the survival and persistence properties of individual Campylobacter strains and how these affect the diversity of contamination on end product carcasses. The situation of Campylobacter-negative flocks passing through a slaughterhouse contaminated by Campylobacter-positive birds has been largely unknown. The average prevalence of Campylobacter-positive broiler batches in the European Union is 71.2% (9) . However, the prevalence of Campylobacter-negative flocks varies substantially between European Union member states (from 98% to none). With the potential future introduction of effective on-farm interventions to prevent broiler colonization, an increase in the prevalence of Campylobacter-negative flocks would be anticipated and cross-contamination within the slaughterhouse environment could become an important issue for some countries, especially if targets to reduce public health risks involve the prevalence of positive carcasses rather than the number of campylobacters per carcass. To this end, one strategy recommended has been to process negative and positive flocks separately (logistic slaughter) (26) .
Given the high numbers of Campylobacter CFU accompanying a positive flock through the abattoir and the contamination of the homologous carcasses, it is generally assumed that carcasses from a Campylobacter-negative flock would be crosscontaminated primarily with the strains from any immediately processed positive flock. To test this assumption the crosscontamination of carcasses from two Campylobacter-negative flocks, processed subsequently to positive flocks was investigated using the colony hybridization probe approach.
Unfortunately, although flocks G and H were conventionally reared and all birds sampled were positive, levels of colonization in the ceca and the variability in those numbers suggested that flock colonization was only in an early phase at the time of slaughter. As a consequence, the self-contamination of the neck skins appeared relatively low (about 250 CFU/g) compared with those seen with flocks A to E. Nevertheless, the cross-contamination of the neck skins of negative flocks V and T was significantly lower (range of Ͻ0.01 to 25 CFU/g), which meant that relatively few colonies could be investigated. Extrapolation from the analysis of the flock-specific strains compared with that of the total campylobacters indicated that up to 36% of Campylobacter CFU recovered from the neck skins of the negative flocks were from the ceca of the previously processed positive flock. Thus, it appears that under these conditions the slaughterhouse environment can be a substantial source of carcass contamination. However, carcasses with a lower Campylobacter load would present a limited risk of human disease.
These observations are in agreement with previous reports using alternative molecular typing methods which indicate that the carcasses of birds from negative or weakly colonized flocks can become detectably contaminated by strains carried over in the slaughterhouse environment from previous flocks (1, 21, 26, 27) . With Campylobacter-positive flocks, the evidence for such carry-over is weak, if at all, but as seen in our study, any such cross-contamination would be largely masked by the overwhelming numbers of bacteria self-contaminating the carcasses. However, when Campylobacter-negative flocks were tracked in the abattoir, the total microbial load on the carcasses was lower and cross-contamination from the environment, especially using the hybridization approach, was more easily discernible. Although the number of colonies available for investigation were few, the results indicated that most were not from the immediately preceding Campylobacter-positive flock. It seems likely that these unidentified strains were from previous flocks. For flocks V and T, there were 7 and 5 such flocks, respectively, which could have contributed to the pool of potentially contaminating campylobacters.
Interestingly, from our study of the cross-contamination of Campylobacter-negative flocks, all campylobacters declined with the location of the birds on the line, such that by the time about 5,000 birds had been processed contamination on the end product was very low or undetectable. However, there was no clear evidence of differences in strains over time. There are a number of possible explanations for these observations. First, the survival capacity of the Campylobacter strains contaminating the environment (for example, the dunk tank) may have been poor, and so, fewer live organisms could be recovered over time. Second, the strain capacity to attach to chicken skin may have been time related, and tenuously attached strains became easily washed off. Third, contamination may have been by aerosol primarily, and over time it was increasingly deposited from the air, or fourth, there may have been a dilution effect, which meant that birds processed early in the line absorbed most of the environmental campylobacters.
Regardless of the mechanism, in this limited study some carcasses from a Campylobacter-negative flock processed immediately following a Campylobacter-positive flock can be contaminated with levels of organisms similar to those from a positive flock. Current models of quantitative risk assessment indicate that because the average level of cross-contamination is low, separate processing of negative and positive flocks (logistic slaughter) would have a limited public health benefit (17) , given that highly contaminated carcasses from Campylobacter-positive flocks constitute the greatest risk (22) . However, such models should consider whether preliminary carcasses processed in a negative flock could carry Campylobacter levels similar to those for the previous positive flock.
In conclusion, the novel method previously developed, using genus-and strain-specific oligonucleotide probes in combination with colony hybridization, has been shown to be appro-priate for the tracking and enumeration of specific flock strains during processing. In flocks with a well-established Campylobacter colonization, the predominating strain(s) recovered from the carcasses was the same as those indigenous to that flock preslaughter. Thus, for a Campylobacter-positive flock, strains from the abattoir environment were not a significant cause of carcass contamination. However, the neck skins of negative flocks that were preceded by positive flocks were contaminated by strains which in general did not originate from the predominating strains colonizing the ceca of the immediately previous flock. This contamination was time related, so that the first birds being processed from a negative flock potentially carried campylobacter levels similar to those from a positive flock. This suggests that the abattoir environment can have a significant role in the contamination of carcasses from some birds in negative flocks. Further work is required to investigate the source and dynamics of this contamination within the slaughterhouse environment.
